The use of continuous low-level alum injection to reduce soluble reactive phosphorus concentrations in the Lake Apopka Marsh Flow-way: final report by unknown
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Introduction 
The St. Johns Water Management District (SJRWMD) is utilizing several approaches to remove 
phosphorus (P) from Lake Apopka waters in an effort to improve the trophic status of the lake. 
One approach involves operation of a “recycle treatment wetland”, in which lake water is fed 
through a large constructed wetland for treatment, and then discharged back into the lake 
(Figure 1). The wetland, designated the Apopka Marsh Flow-Way, serves as a filter and settling 
basin for the particulate-laden lake waters.  While the Marsh Flow-Way has proven successful 
for removing P associated with particulate matter, the wetland has at times exported dissolved 
P species, i.e., soluble reactive P (SRP) and dissolved organic P (DOP).  These dissolved P forms 
probably are formed during the decomposition of the inflow-borne algae that settle within the 
marsh. 
 
Alum (aluminum sulfate) is a chemical commonly used to coagulate P and suspended matter, 
both in surface waters and in water and wastewater treatment facilities.  Moderately high doses 
of alum typically are used to ensure rapid flocculation and settling of the coagulant and 
associated contaminants, such as P. Recent research has suggested that low doses of alum, in 
the range of 1 – 2 mg Al/L, can be utilized for enhancing P removal performance of treatment 
wetlands.  This “low-dosing” concept involves application of the alum to an inflow culvert or 
within a defined flow path at some distance upstream of the final wetland outflow. The low 
alum concentrations result in the formation of small, “pin-point” flocs that are of insufficient 
density to immediately settle. As these tiny floc particles are conveyed downstream within the 
wetland, they typically encounter regions that are quiescent and/or densely vegetated.  In such 
environments, it is thought that the floc particles become immobilized, thus preventing their 
export (and export of the associated P and aluminum [Al]) from the wetland. It is important to 
note that the flocs created by low-level alum dosing are neither large enough nor dense enough 
to remove suspended particles (e.g., algae) from the water column. To successfully accomplish 
P removal, it therefore is thought that the pinpoint flocs must come into contact with SRP 
molecules in the water column. 
 
In 2005, the SJRWMD commissioned DB Environmental, Inc. to design and construct the 
infrastructure for dosing alum at two locations within the Apopka Marsh Flow-Way.   For the 
DB Environmental, Inc. Page 2 
first trial, we deployed a system that injected alum into the inflow region of cell C1. The 
wetland inflow culverts provided a convenient and effective (for achieving good mixing) 
injection site. With this injection trial, we wished to assess whether pinpoint flocs created at the 
lake water inflow culverts would be conveyed into the wetland, where they could encounter 
SRP as it becomes liberated from decomposing algae cells. For the second trial, we deployed a 
mid-wetland injection system in cell B2.  This mid-point injection was performed to capitalize 
on the potentially higher water column SRP concentrations at this site.  
 
The overall goal of this project was two-fold: first, to assess the utility of an inflow or mid-
region low-dose alum application for enhancing total P and/or SRP removal by the Marsh 
Flow-Way; and second, to evaluate the effectiveness of the wetland in attenuating export of the 
dosed aluminum. This report describes the findings from these two injection trials. 
 
Methods 
Alum Injection Infrastructure 
C-1 Wetland 
For the C1 wetland, alum was injected into the four inflow culverts located along the western 
border of the cell (Figure 2).  A schematic of the alum injection system is provided in Figure 3.  
 
The pump and storage tanks for the alum delivery system were located in the southwest corner 
of C1 (Figure 3) and consisted of three 3,000-gal alum storage tanks, a 2-inch centrifugal pump 
and a calibration column. The 2” pump pulled site water from a pond located in the SW corner 
of cell C1, and this water was used as a transport medium to accomplish a continuous injection 
of alum into each of the four inflow culverts. The alum was pumped from the storage tanks 
through a calibration column (to ensure accurate alum dosing) into the intake side of the pump 
(Figure 3). It was then mixed thoroughly with the site water and discharged into the piping 
leading to the four inflow culverts.  Alum was injected into the wetland a few feet into the 
discharge side of each culvert pipe (Figure 3). 
 
At each injection point, a ‘rotameter’ flow measurement device, along with a series of valves, 
were used to ensure a balanced delivery of alum (Figure 3). By adjusting a valve at the injection 
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point in relation to its rotameter, an equal flow was achieved over the entire delivery system. 
SJRWMD personnel performed a weekly inspection of the rotameters.  
 
Installation of the system was completed during October 2005. Alum dosing began on 
November 2, 2005 with the injection of approximately 1 mg Al/L. On December 12, 2005, the 
injection dose was increased to approximately 2 mg Al/L, and was held at this dosage until the 
system was shut down on January 5, 2006. Target injection concentrations for each culvert were 
made assuming an equal flow distribution among all culverts totaling an estimated cell flow of 
35 cfs, as reported by SJRWMD personnel. 
 
B-2 Wetland 
For cell B2, the alum was injected into the middle of the wetland (Figure 4). A transverse 
perpendicular spreader ditch located midway along cell B2 was selected as the injection site. 
The ditch was chosen because it was oriented across the cell, perpendicular to flow.  This 
provided a deep parcel of water into which to inject the alum, thereby allowing us to avoid 
excess stirring of the sediments.  
 
Tanks and pumping equipment were stationed midway down the length of cell B2 along the 
northern levee road (Figure 4). The same three storage tanks, calibration column, and 
centrifugal pump previously used for C1 were deployed for this effort. For this system, a 
second metering pump was added to deliver the alum on the discharge side of the centrifugal 
pump. This was done to prevent impeller fouling, which was found to be an operational 
problem during the previous C1 injection. A schematic of the B2 delivery system is provided in 
Figure 5. 
 
A total of seven injection ports, aligned with internal wetland preferential flow paths, were 
established along the ditch. These injection sites were selected based on a prior reconnaissance 
of the wetland by DBE and SJRWMD personnel. Approximately 2000 ft of 2-inch PVC piping 
was assembled on land then placed on the sediment adjacent to the remnant farm ditch using 
an airboat. Once the piping was deployed, an injection port was installed at each of the seven 
preferential flow path sites (Figure 6). Each injection port was equipped with a rotameter and a 
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flow control valve to balance flow among all injection points (Figure 5). SJRWMD personnel 
periodically inspected and adjusted these injection ports, using an airboat.  
 
Installation of the B2 alum injection system was completed during April 2006. Alum dosing 
began on April 5, 2006 with the injection of approximately 1 mg Al/L.  On May 24, 2006 the 
alum dosage was increased to approximately 2 mg Al/L. However, in response to lower P 
concentrations coming into and out of cell B2, alum injections were decreased to 1 mg Al/L on 
June 27, 2006. This low injection dose was maintained until July 25, 2006, at which time the 
injection was terminated. Target injection concentrations were made in relation to an estimated 
total cell flow of 35 cfs, as reported by SJRWMD personnel. 
 
Water Quality Monitoring 
Prior to, during and following the alum injection periods, water samples were collected weekly 
from the inflow and outflow locations of cells C1 and B2 and analyzed at the SJRWMD 
laboratory for a suite of constituents. For the present study, we reviewed the effects of alum 
dosing on P species, nitrogen (N) species, aluminum (Al) species, and other constituents (e.g., 
pH, alkalinity) potentially affected by aluminum additions.  Analytical methods and method 
detection limits (MDLs) for these constituents are provided in Table 1.  
 
Table 1.  Analytical methods and MDLs for the water quality parameters analyzed by 
SJRWMD and reviewed by DBE during this study.   
Analyte Method # MDL Units 
Total Phosphorus (TP) EPA 365.4 10 µg/L 
Total Soluble Phosphorus (TSP) EPA 365.4 10 µg/L 
Soluble Reactive Phosphorus (SRP) EPA 365.1 12 µg/L 
pH EPA 150.1 - std units 
Alkalinity EPA 310.1 2 mg/L 
Dissolved Aluminum (Diss Al) EPA 200.7 25 µg/L 
Total Aluminum (Total Al) EPA 200.7 25 µg/L 
Nitrate + Nitrite – Dissolved (NOx) EPA 353.2 0.01 mg/L 
Ammonium – Dissolved (NH4-N) EPA 350.1 0.01 mg/L 
Total Kjeldhal Nitrogen – Total (TKN) EPA 351.2 0.05 mg/L 
 
Water quality samples also were collected on several transects, oriented perpendicular to flow, 
within both Cells C1 and B2 (Figures 2 and 4). One such internal sampling event was performed 
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prior to dosing (depicting “background” conditions), and additional events were conducted 
during the 1 mg Al/L and 2 mg Al/L dosing periods. 
 
From the constituents measured in Table 1, we also determined concentrations of dissolved 
organic P (DOP), particulate P (PP) and total N (TN). These parameters were calculated as 
follows: 
PP = TP – TSP (1) 
DOP = TSP – SRP (2) 
TN = TKN + NOx (3) 
 
Analytical results that were below the MDL are expressed graphically in this report as the MDL 
value. By contrast, for purposes of calculations (e.g, equations 1 – 3), sub-MDL values were 
expressed as one-half the MDL concentration.  Any DOP or PP results determined to be less 
than zero by these calculations are expressed as zero. 
 
Results 
Alum Dosing at the Inflow Culverts of Cell C1 
Hydraulic Conditions 
From February 1, 2004 – January 30, 2006, wetland C1 was operated at an average hydraulic 
loading rate (HLR) of 11.9 cm/day, with a range of –36.9 to 27.3 cm/day (Figure 7). The average 
water depth for this period was 34.3 cm (range: 20.5 – 52.9 cm), providing an average hydraulic 
retention time (HRT) of 2.7 days (range: 1.5 – 46 days). 
 
Figure 8 depicts the HLR to C1 one month before dosing, during the dosing period, and one 
month after alum dosing. During the month prior to alum dosing, the HLR was constant at 
approximately 16 cm/day until October 24th, at which time inflow fluctuations were observed, 
likely in response to Hurricane Wilma.  
 
The HLR was decreased to an average of 11.4 cm/day and remained constant (range of 10–13 
cm/day) during the alum dosing period (Figure 8). This provided an average HRT of 3 days 
throughout the dosing period. Four days after the alum injection was concluded, the flow to the 
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cell was terminated for four days for equipment maintenance. Flow was initiated on January 
14th and on the January 23rd flow started to remain steady at an average HLR of 15 cm/day. 
 
Inflow-Outflow Constituent Concentrations 
Inflow P concentrations to the C1 wetland were comparable during the month before dosing, 
and during the 1 mg Al/L dosing period (91 and 85 µg/L, respectively). Mean inflow P 
concentrations during the 2 mg Al/L dosing period, however, were slightly higher, at 105 µg/L. 
Particulate P was the dominant inflow P form during the background and dosing periods 
(Figure 9). Cell C1 outflow P concentrations were slightly higher during the background period 
(79 µg/L) compared to the 1 mg Al/L and 2 mg Al/L dosing periods (63 and 66 µg/L, 
respectively).  In contrast to P speciation of the inflow waters, SRP was the dominant outflow P 
fraction during the background and 1 mg/L dosing periods (Figure 9).  
 
Phosphorus loading rates and mass removal rates are depicted in Figure 10 as a function of P 
species. Phosphorus loading rates to the wetland averaged 5.3, 3.6 and 4.3 gP/m2-yr during the 
background, 1 mg Al/L dosing and 2 mg Al/L dosing periods, respectively. Mass P removal 
rates by the wetland increased with alum dose: background P removal rates were lower, on 
both a percentage (13%) and mass basis (0.7 gP/m2-yr), than those observed during the 1 mg 
Al/L (26%, 0.9 gP/m2-yr) and 2 mg Al/L (37%, 1.6 gP/m2-yr) dosing periods (Figure 10).  Most 
of the differences between the background and treatment P removal rates occurred for the SRP 
species; DOP and PP concentrations and mass removals were relatively unaffected by the alum 
treatment ( Figures 9 and 10). 
 
A time series of inflow and outflow P species for Cell C1 from early 2004 through mid-2006 is 
provided in Figures 11 and 12. From January 2004 – October 24, 2005 the total P removal 
performance of wetland C1 was erratic (Figure 11). The wetland often exhibited an export of P, 
rather than removal of P, during this period. Beginning Nov 14, 2005 (12 days after alum 
injection at 1 mg/L) the wetland began to consistently remove TP (Figure 11). A more detailed 
time series of inflow and outflow P concentrations is provided in Figures 13 and 14.  Note that 
outflow SRP concentrations frequently were below the MDL of 12 µg/L (Figures 11 and 13). 
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Time series graphs for inflow and outflow N species concentrations for wetland C1 are 
provided in Figures 15 – 18.  The wetland generally was effective at removing total N, prior to 
and during the alum dosing periods. Inflow TN concentrations averaged 2.76, 2.72, and 3.17 
mg/L during the background, 1 mg Al/L and 2 mg Al/L dosing periods. Outflow TN 
concentrations averaged 2.38, 2.09, and 2.38 mg/L during these respective periods.  
Ammonium-N increased during transit through the wetland whereas NOx was usually 
removed (Figures 17 and 18).  
 
Outflow total and dissolved Al concentrations from the wetland increased with alum dose 
(Figure 19).  Total Al outflow concentrations averaged <25, 36 and 71 µg/L during the 
background, 1 mg Al/L and 2 mg Al/L dosing periods. Inflow total and dissolved Al values, 
collected from a location upstream of our alum injection ports, demonstrate mean background 
total Al levels for the inflow lake water ranging from 149 to 160 µg/L (Figure 19).  Time series 
graphs of raw lake water inflow Al concentrations, and wetland outflow Al concentrations, 
demonstrate a slight increase in outflow Al levels, which may have been a result of higher 
inflow concentrations instead of our dosing efforts (Figures 20 and 21). Interestingly, a marked 
increase in raw lake water inflow Al concentrations occurred following the completion of our 
dosing efforts (Figure 20).  
 
The pH of the C1 wetland inflow waters typically was higher than that of the outflow waters by 
about 0.5 to 1.0 pH unit, and these levels exhibited no effect as a result of alum dosing (Figures 
22 and 23). Wetland inflow and outflow alkalinity levels also were comparable, and did not 
vary as a result of alum dosing (Figures 22 and 23).  
 
Wetland Internal Constituent Concentrations 
Profiles in P species concentrations through the C1 wetland, based on a composite of sample 
locations along each of five internal transects (Figure 2), are provided in Figures 24 and 25.  
During the background and alum dosing periods, there was a marked drop in TP levels 
between the inflow sampling station and the first internal transect (A) (Figure 24), primarily due 
to a rapid decline in PP concentrations (Figure 25).  Downstream of the “A” transect, however, 
TP levels generally were erratic, and exhibited both declines and increases with distance 
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through the wetland. Soluble reactive P concentrations exhibited no change through most of the 
wetland, primarily because concentrations, with the exception of those at the outfall, were 
below the analytical detection limit of 12 µg/L (Figure 24).  Dosing of the alum, either at a 1 mg 
Al/L or 2 mg Al/L level, appeared to have little effect on internal P concentration profiles. 
 
Spatial maps of individual internal P measurements performed in wetland C1 during the 
background, 1 mg Al/L and 2 mg Al/L dosing periods are shown Figures 26 – 37.  A dramatic 
decline in TP and PP concentrations between the inflow culverts and the “A” transect locations 
is apparent (Figures 26 – 28; Figures 35 – 37), whereas water column SRP levels consistently are 
below MDLs within the first half of the cell on all sampling dates (Figures 29 – 31). Soluble 
reactive P, as well as DOP, typically exhibited a concentration increase within the back half of 
the wetland (Figures 29 – 34).  
 
Similar to the trend observed for TP, inflow levels of TN exhibited their greatest decline 
between the inflow sampling stations and the first internal transect (Figure 38).  Total N levels 
stayed relatively constant through the remainder of the wetland, regardless of alum dosing 
regime.  The decline in NOx concentrations between the inflow waters and “A” transect was 
dramatic; NOx levels then increased slightly at the outfall (Figure 38).  In contrast to TN and 
NOx, NH4-N levels gradually increased with distance through the wetland, regardless of alum 
dosing regime (Figure 39).  
 
Total Al measurements performed at the inflow culverts demonstrated that the actual alum 
doses were very close to our target doses of 1 mg Al/L and 2 mg Al/L (Figure 40). The C1 
wetland was extremely effective at removing the alum injected at the head of the system, 
despite the small “pin-point” nature of the flocs. Concentrations of both total and dissolved Al 
declined dramatically between the inflow injection points and the first internal transect of the 
wetland. Both total and dissolved Al levels continued to decline with distance through the 
wetland (Figure 40).  
 
The alum injection did not appear to influence internal wetland pH or alkalinity concentrations. 
Water column pH levels dropped between the inflow culverts and the first internal transect, 
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and then remained circumneutral (Figure 41).  By contrast, alkalinity exhibited a gradual 
increasing trend through the wetland, particularly during the 2 mg Al/L dosing period (Figure 
41).  
 
Alum Dosing in the Middle of Cell B2 
Hydraulic Conditions 
From February 1, 2004 – July 31, 2006, wetland B2 was operated at an average hydraulic loading 
rate (HLR) of 13.3 cm/day, with a range of 0 to 33.5 cm/day (Figure 42). The average water 
depth for this period was 47.6 cm (range: 10.3 – 54.8 cm), providing an average hydraulic 
retention time (HRT) of 3.54 days (range: 1.6 – 28 days). 
 
Figure 43 depicts the HLR to B2 one month before dosing and the 3.8 months during the dosing 
period. The HLR varied within a narrow range 14.7 to 15.8 cm/day for the four time periods 
shown in Figure 43: pre-dosage, followed by 1 mg Al/L, then 2 mg Al/L and finally 1 mg Al/L 
dosages. Compared to an average HLR of 14.7 cm/day immediately prior to dosing, the mean 
HLR for this entire alum dosing period was 15.2 cm/day and ranged from 11.0 cm/day to 24.5 
cm/day.  This provided an average HRT of 2.4 days throughout the dosing period.  
 
Inflow-Outflow Constituent Concentrations 
Inflow P concentrations to the B2 wetland declined between the month before dosing, and 
during the dosing periods (103 and 79 µg/L, respectively). The greatest decline occurred during 
the last 1 mg Al/L dosing period (Figure 44). Particulate P was the dominant inflow P form 
during the background and dosing periods (Figure 44). Cell B2 outflow P concentrations were 
slightly higher during the background period (66 µg/L) compared to the 1 mg Al/L, 2 mg 
Al/L, and 1 mg Al/L dosing periods (58 , 58, and 54 µg/L, respectively). With the exception of 
the background monitoring period, inflow SRP concentrations were less than the detection limit 
of 12 µg/L.  For the before and all three alum treatment periods, the SRP concentrations in the 
outflow from the cell was less than the detection limit (Figure 44).  
 
Phosphorus loading rates and mass removal rates are depicted in Figure 45 as a function of P 
species. Phosphorus loading rates decreased to the wetland during the background, 1 mg Al/L, 
2 mg Al/L, and 1 mg Al/L dosing periods, averaging 5.5, 5.3, 4.5, and 3.3 gP/m2-yr 
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respectively. Mass P removal rates by the wetland were nearly the same between background 
and the first 1 mg Al/L alum dose: 2.0 gP/m2-yr vs. 2.1 gP/m2-yr, or 36% and 40% of the P 
mass loading. Phosphorus removal rates for the last two alum dosages (2 mg Al/L and 1 mg 
Al/L), on both a percentage (31% and 6%) and mass basis (1.4 and 0.2 gP/m2-yr), were lower 
than those observed during the background and first 1 mg Al/L dosing periods (Figure 45).  
The mass of P exported from Cell B2 was slightly less during all three dosing periods compared 
to the one-month prior period (3.2 gP/m2-yr, 3.1 gP/m2-yr, and 3.1 gP/m2-yr vs. 3.6 gP/m2-yr). 
Phosphorus removal by the wetland was limited to the particulate fraction; DOP was generated 
within the wetland on a net basis, which led to a negative mass removal rate (Figure 45). 
 
A time series of inflow and outflow P species for Cell B2 from January 2004 through mid-2006 is 
provided in Figures 46 and 47. From January 2004 – October 2005 the total P removal 
performance of wetland B2 was erratic (Figure 46). Particulate P was the primary P species 
responsible for the variations in TP concentration (cf. Figures 46 and 47). The wetland was most 
effective in removing PP near the end of the time series (Figure 47).  
 
A more detailed time series of inflow and outflow P concentrations is provided in Figures 48 
and 49.  Inflow TP concentrations steadily decreased before and during the alum treatment 
period (Figure 48). The initial TP concentration was 114 µg/L on March 6, 2006, one month 
prior to the alum injection. Two weeks after the end of alum dosing, the inflow TP 
concentration had dropped more than 50% to 45 µg/L. Particulate P was the P species 
responsible for the TP decrease (cf. Figures 48 and 49). Notwithstanding the steady decline in 
the inflow P, the outflow TP and PP concentrations remained consistent during the treatment 
period, ranging from 48 µg/L – 65 µg/L and 34 µg/L – 46 µg/L, respectively. The declining 
inflow TP concentrations and the consistent outflow TP concentrations resulted in higher 
wetland outflow than inflow TP concentrations after the third alum treatment of 1 mg Al/L. 
Note that outflow SRP concentrations always were below the MDL of 12 µg/L, except during 
the first week of the one month prior treatment period (Figure 48).  
 
Time series graphs for inflow and outflow N species concentrations for wetland B2 are 
provided in Figures 50 – 53.  The wetland generally was effective at removing total N prior to 
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and during the first alum dosing period (1 mg Al/L), but subsequent alum dosing periods did 
not exhibit effective N removal (Figure 52). Inflow TN concentrations averaged 3.36, 3.37, 3.77, 
and 3.17 mg/L during the background, 1 mg Al/L, 2 mg Al/L, and 1 mg Al/L dosing periods. 
Outflow TN concentrations averaged 2.38, 2.54, 3.46, and 3.40 mg/L during these respective 
periods.  Both ammonium and nitrate + nitrite (NOx) concentrations increased at the inflow and 
outflow during the last two alum treatments (Figures 52 and 53).  
 
Compared to the inflow Al concentrations, outflow total and dissolved Al concentrations from 
the wetland increased during alum treatment (Figure 54).  Mean background inflow total and 
dissolved Al values ranged from 107 to 219 µg/L (Figure 54).  Total Al outflow concentrations 
averaged <25, 43, 65, and 54 µg/L during the background, 1 mg Al/L, 2 mg Al/L, and 1 mg 
Al/L dosing periods. Time series graphs of raw lake water inflow Al concentrations, and 
wetland outflow Al concentrations, demonstrate a slight increase in outflow Al levels prior to 
the alum treatment (Figure 55), which likely was a result of higher inflow concentrations. The 
more proximal time series to the alum treatment (Figure 56) indicates approximately a two-fold 
increase in the total and dissolved Al concentrations (from <25 µg/L to 51 µg/L and 40 µg/L for 
total and dissolved Al, respectively) within a month after first applying alum to the cell. 
Overall, the wetland was very effective at removing background and alum-derived Al. 
 
The pH of the B2 wetland inflow waters typically was higher than that of the outflow waters by 
about 0.5 to 1.0 pH unit, and these levels exhibited no effect as a result of alum dosing (Figures 
57 and 58). Wetland inflow and outflow alkalinity levels also were comparable, and did not 
vary as a result of alum dosing (Figures 57 and 58).  
 
Wetland Internal Constituent Concentrations 
Profiles in P species concentrations through the B2 wetland, based on a composite of sampling 
locations along each of six internal transects (Figure 4), are provided in Figures 59 and 60.  
During the background and alum dosing periods, there was a marked drop in TP levels 
between the internal injection transect and the first sampling transect (B) (Figure 59), primarily 
due to a rapid decline in PP concentrations (Figure 60).  The TP levels at transect C, downstream 
of the B transect, generally were the same or higher than at the B transect.  A further decline in 
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TP concentration occurred at Transect D and through the remainder of the wetland. Soluble 
reactive P concentrations exhibited no change through most of the wetland, primarily because 
concentrations were below the analytical detection limit of 12 µg/L (Figure 59).  Dosing of the 
alum, either at a 1 mg Al/L or 2 mg Al/L level, appeared to have little effect on internal P 
concentration profiles. 
 
Spatial maps of individual internal P measurements performed in wetland B2 during the 
background, 1 mg Al/L and 2 mg Al/L dosing periods are shown Figures 61 – 68.  A decline in 
TP and PP concentrations between the injection ditch and the B transect locations is apparent 
(Figures 61 – 68), whereas water column SRP levels consistently are below MDLs on all 
sampling dates (Figures 61 – 64). Relative to the background DOP concentration gradient in 
April 2006, DOP concentration were lower during the alum treatments in May, June, and July 
(Figures 65 – 68). 
 
Similar to the trend observed for TP, inflow levels of TN exhibited their greatest decline 
between the alum injection ditch stations and the first downstream internal transect (B) for both 
the background and alum treatment periods (Figure 69).  Total N levels stayed relatively 
constant through the remainder of the wetland, regardless of alum dosing regime.  The NOx 
concentrations remained low upstream and downstream of the alum injection ditch with no 
obvious concentration gradient (Figure 69).  In contrast to TN and NOx, NH4-N levels 
gradually increased with distance through the wetland, regardless of alum dosing regime 
(Figure 70).  
 
Unlike the high energy mixing environment that was present inside the inflow culverts during 
the alum injection at C1, the mixing environment along the injection ditch in Cell B2 was less 
turbulent. This, coupled with pressure differences among the 7 injection ports, caused variable 
and higher than nominal TAl concentrations at the injection points along the B2 injection ditch 
(Figure 71). Total Al concentrations decreased dramatically at the first downstream sampling 
transect (B); further TAl decreases occurred at Transects C, D, and E (Figure 71). The same 
pattern held for dissolved Al, but to a lesser extent because of the lower dissolved Al relative to 
TAl concentrations at the alum injection points (Figure 71). By the time the injected Al exited 
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Cell B2 at the outflow culverts, concentrations of both dissolved and total Al were near the 
background levels exhibited prior to the alum injection in April 2006 (Figure 71). Outflow total 
Al concentrations were 44 µg/L and 63 µg/L for the 1 and 2 mg Al/L dosage periods versus 
<25 µg/L during the one month prior dosage period, all of which were less than the inflow 
concentration. 
 
The spatial distribution of dissolved and total Al concentrations at the internally sampled 
stations indicated more elevated levels at stations B3, B4, B5, B6, C3, C4, C5, C6, D3, D45, D5 
and D6 (see Figure 4 for station locations) than in waters collected at stations closest to the north 
and south borders of the wetland (Figures 72 – 75). This may indicate the existence of 
preferential flow paths in the middle of the cell, although the more efficient delivery of alum at 
the middle injection ports than at the ends may also have contributed. The outflow culvert (F) 
positioned closest to the north-south mid-point of the cell not only exhibited the highest flow 
rate of the 4 outflow culverts (Figure 76), but also received the greatest concentration of TAl 
(Figure 77). This would be expected given the higher TAl levels observed at the internal stations 
located in the middle region of the wetland.  
 
The alum injection did not appear to influence internal wetland pH or alkalinity concentrations. 
Water column pH levels dropped at the injection ditch, and then remained circumneutral 
(Figure 78).  By contrast, alkalinity exhibited a gradual increasing trend through the wetland 
after an initial decline at the injection ditch (Figure 78).  
 
Discussion and Conclusions 
Targeted Aluminum Dosing Concentrations 
Our targeted final aluminum concentrations to be injected into wetland cells C1 and B2 were 1 
mg Al/L and 2 mg Al/L in each cell, based on flow rates of 35 cfs.  At Cell C1, the alum 
delivery rates from the holding tanks of 0.9 L/min and 1.8 L/min achieved final aluminum 
concentrations within ±10% of the target concentrations (Figure 40), indicating the alum 
delivery system was performing according to expectations. Because of the less turbulent mixing 
regime and differential pressures along the injection manifold, the measured alum 
concentrations were more variable in the injection ditch located midway in B2 (Figure 71). 
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Phosphorus Removal  
The wetland treatment cells within the Apopka Flow-Way Marsh have historically reduced 
particulate P while at the same time producing SRP. It is commonly thought that this results 
from the conversion of the settled phytoplankton within the wetland to SRP.  Since the theory 
behind the low-level alum injection is that SRP will be removed by the “pin-point” floc, the 
effect of low-level alum treatment should primarily be observed in the reduction of SRP 
concentrations. 
 
Cell C1 exhibited the typical pattern of an increase in SRP concentration one month prior to 
dosing when SRP concentrations more than doubled between inflow and outflow (Figure 9). 
Although levels of SRP also increased within Cell C1 during both alum treatments, the increase 
was not as high as during the pre-treatment period (Figure 9). On an absolute and percentage 
basis, more P mass was removed during the treatment periods than beforehand (Figure 10 and 
Table 2). There also was a dose-response relationship wherein the 2 mg Al/L dosage resulted in 
a higher mass P removal than did the 1 mg Al/L in C1 (Table 2). However, the alum dosage 
concentration did not affect the outflow concentrations for any of the P species (Figure 9). 
 
Table 2. Total P mass removal in Cell C1 before and after alum treatment. 
 Inflow Outflow Removal 
 gP/m2-yr gP/m2-yr gP/m2-yr % 
Pre-Treatment 5.3 4.6 0.7 13 
1 mg Al/L 3.6 2.7 0.9 26 
2 mg Al/L 4.3 2.7 1.6 37 
 
Perhaps the strongest evidence for an alum effect on P concentrations in Cell C1 was the 
absence of internally generated SRP at the downstream transects (Figure 24). Unfortunately, a 
comparison cannot be made for the period prior to alum treatment as the data are not available 
for the downstream transects E, C, and D, or the outflow background conditions. The results 
from Cell C1 lead us to conclude that continuous, low-level alum application may not only have 
contributed to an attenuation of the outflow SRP, but also may have been responsible for the 
improved P removal efficiencies within the cell. 
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In contrast to Cell C1, alum treatment did not reduce the outflow TP concentration in Cell B2 
(Figure 48). Nor was there a noticeable effect by the alum treatment on the mass of P removed 
by the B2 wetland cell (Figure 45). While an increase in the P removed was observed during the 
first 1 mg Al/L treatment compared to the before treatment period, the enhanced P removal 
efficiency was not maintained with respect to subsequent alum additions, even those containing 
a higher Al concentration (Table 3).   
 
Table 3. Total P mass removal in Cell B2 before and after alum treatment. 
 Inflow Outflow Removal 
 gP/m2-yr gP/m2-yr gP/m2-yr % 
Pre-Treatment 5.5 3.6 2.0 36 
1 mg Al/L 5.3 3.2 2.1 40 
2 mg Al/L 4.5 3.1 1.4 31 
1 mg Al/L 3.3 3.1 0.2 6 
 
Although it is difficult to separate the effects of alum treatment from other (e.g., seasonal, 
hydraulic) factors in accounting for P removal in each treatment wetland, there are two possible 
explanations for the differences in P removal from alum treatments in Cells C1 and B2. The first 
is the presence of higher SRP concentrations in the inflow and outflow of Cell C1 than B2 
(Figures 9 and 44). The prevailing theory for P removal by the continuous dosing of low levels 
of alum is that SRP will be the P species most susceptible to adsorption and removal from the 
water column by the eventual settling of the “pin-point” floc within the wetland. Without an 
adequate supply of SRP, either in the inflow or generated within Cell B2, the P removal 
efficiency of the continuous, low-level alum technology is likely to be low to non-existent. 
 
The second explanation focuses on the alum delivery system. In Cell C1, the alum was 
vigorously mixed inside the inflow culverts before being distributed throughout the entire 
length of the cell. The delivery of the alum in Cell B2 was accomplished by a distribution 
manifold that injected the alum from 7 ports into a transverse ditch located half-way down the 
length of the cell. For this particular case, the alum may have flowed along preferential flow 
paths, bypassing certain areas of the wetland (Figure 79). Flow and TAl data collected at the 
outflow culverts of B2, as well as the alum concentrations recorded at the internal sampling 
stations, indicate this may have occurred. Due to the higher mixing energy environment and 
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longer flow paths associated with the Cell C1 injection, a more even distribution of the alum 
may have occurred in Cell C1 than in Cell B2. 
 
Alum Floc Retention  
For cells C1 and B2, outflow dissolved and total Al concentrations were lower than inflow 
concentrations, both before and during the alum dosing (Figures 21 and 56).  In Cell C1, outflow 
TAl concentrations were unaffected during the 1 mg Al/L treatment, but increased in response 
to the 2 mg Al/L dosage (Figure 21). For Cell B2, the TAl concentrations in the outflow waters 
during alum treatments were about twice as high as the concentrations measured in the one-
month pre-treatment period (< 25 µg Al/L vs. 44 µg Al/L - 63 µg Al/L). Notwithstanding the 
higher Al concentrations leaving the wetland as a result of the alum applications, both wetland 
cells were still very efficient in trapping the added alum. This study therefore validates the 
hypothesis that “pin-point” floc particles resulting from low level alum dosing, can be trapped 
within treatment wetlands. It therefore appears likely that, given the affinity of alum flocs to 
chemically immobilize SRP, the continuous, low-level addition of alum can effectively sequester 
P, particularly if moderate to high levels of SRP are present in the water column. 
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Figure 1. Location of the Lake Apopka Flow-Way Marsh. 
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Figure 2. Cell C1, depicting inflow culverts and internal water sampling stations.  Water flows 
from west to east within the cell. 
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Figure 3. Schematic of alum delivery system for the C1 wetland. 
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Figure 4.  Cell B2, depicting internal water sampling stations. Water flows from west to east 
within the cell. 
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Figure 5. Schematic of alum delivery system for the B2 wetland. 
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Figure 6. An alum injection port at one of the seven injection sites in the middle of Cell B2. 
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Figure 7.  The hydraulic loading rate (HLR) for Cell C1 from February 1, 2004 to January 30, 
2006. 
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Figure 8. The hydraulic loading rate to Cell C1 4 weeks prior to, 9 weeks during, and 3 weeks 
after alum injection. 
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Figure 9. Mean soluble reactive (SRP), dissolved organic (DOP), and total (TP) phosphorus 
concentrations in the inflow and outflow of Cell C1 prior to and during alum treatment. Inflow 
SRP concentrations during alum treatment were below the MDL of 12 µg/L. 
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Figure 10.  Phosphorus mass loading and removals in Cell C1 prior to and during alum 
treatment. Negative values for the mass removal indicate generation of P within the cell in 
excess of the inflow load. 
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Figure 11.  Time series of weekly inflow and outflow total (TP) and soluble reactive (SRP) 
phosphorus concentrations before, during, and after alum treatment. 
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Figure 12. Time series of weekly inflow and outflow dissolved organic (DOP) and particulate 
(PP) phosphorus concentrations before, during, and after alum treatment. 
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Figure 13.  Time series of weekly inflow and outflow total (TP) and soluble reactive (SRP) 
phosphorus concentrations 4 weeks before, 9 weeks during, and 3 weeks after alum treatment. 
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Figure 14.  Times series of weekly inflow and outflow dissolved organic (DOP) and particulate 
(PP) phosphorus concentrations 4 weeks before, 9 weeks during, and 3 weeks after alum 
treatment. 
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Figure 15. Time series of weekly inflow and outflow total (TN) and nitrate + nitrite (NOx-N) 
nitrogen concentrations before, during and after alum treatment. 
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Figure 16.  Time series of weekly inflow and outflow ammonium nitrogen (NH4-N) 
concentration before, during and after alum treatment. 
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Figure 17.  Time series of weekly inflow and outflow total (TN) and nitrate + nitrite (NOx-N) 
nitrogen concentrations 4 weeks before, 9 weeks during, and 3 weeks after alum treatment. 
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Figure 18. Time series of weekly inflow and outflow ammonium (NH4-N) concentrations 4 
weeks before, 9 weeks during, and 3 weeks after alum treatment. 
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Figure 19. Mean dissolved and total aluminum (Al) concentrations in the inflow and outflow of 
Cell C1 before and during alum treatment. 
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Figure 20.  Time series of weekly inflow and outflow dissolved and total aluminum (Al) 
concentrations before, during and after alum treatment. 
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Figure 21. Time series of weekly inflow and outflow dissolved and total aluminum (Al) 
concentrations 4 weeks before, 9 weeks during, and 3 weeks after alum treatment. 
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Figure 22.  Time series of inflow and outflow pH and alkalinity concentrations before, during 
and after alum treatment. 
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Figure 23.  Time series of inflow and outflow pH and alkalinity concentrations 4 weeks before, 9 
weeks during, and 3 weeks after alum treatment. 
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Figure 24. Mean total  (TP) and soluble reactive (SRP) phosphorus concentrations for the inflow, 
outflow, and each of 5 downstream transects within Cell C1 immediately prior to and during 
the alum treatment period (November 2, 2005 to January 5, 2006). The detection limit for SRP 
was 12 µg/L. 
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Figure 25. Mean dissolved organic (DOP) and particulate (PP) phosphorus concentrations for 
the inflow, outflow and each of 5 downstream transects within Cell C1 immediately prior to 
and during the alum treatment period (November 2, 2005 to January 5, 2006).  
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Figure 26. Total phosphorus (TP) concentrations immediately prior to the alum treatment in 
Cell C1 at the inflow and internal sampling stations along 2 downstream gradients. Also noted 
are the flow directions observed at each of the internal sampling stations. 
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Figure 27. Total phosphorus (TP) concentrations 5 weeks after the 1 mg Al/L alum treatment in 
Cell C1 at the inflow and internal sampling stations along 5 downstream gradients. Also noted 
are the flow directions observed at each of the internal sampling stations. 
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Figure 28. Total phosphorus (TP) concentrations at the end of the 24-day 2 mg Al/L alum 
treatment in Cell C1 at the inflow and internal sampling stations along 5 downstream gradients. 
The cell had been treated with 1 mg Al/L alum for 40 days prior to the 24-day 2 mg Al/L 
treatment. Also noted are the flow directions observed at each of the internal sampling stations. 
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Figure 29. Soluble reactive phosphorus (SRP) concentrations immediately prior to the alum 
treatment in Cell C1 at the inflow and internal sampling stations along 2 downstream gradients. 
Also noted are the flow directions observed at each of the internal sampling stations. 
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Figure 30. Soluble reactive phosphorus (SRP) concentrations 5 weeks after the 1 mg Al/L alum 
treatment in Cell C1 at the inflow and internal sampling stations along 5 downstream gradients. 
Also noted are the flow directions observed at each of the internal sampling stations. 
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Figure 31. Soluble reactive phosphorus (SRP) concentrations at the end of the 24-day 2 mg Al/L 
alum treatment in Cell C1 at the inflow and internal sampling stations along 5 downstream 
gradients. The cell had been treated with 1 mg Al/L alum for 40 days prior to the 24-day 2 mg 
Al/L treatment. Also noted are the flow directions observed at each of the internal sampling 
stations. 
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Figure 32. Dissolved organic phosphorus (DOP) concentrations immediately prior to the alum 
treatment in Cell C1 at the inflow and internal sampling stations along 2 downstream gradients. 
Also noted are the flow directions observed at each of the internal sampling stations. 
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Figure 33.  Dissolved organic phosphorus (DOP) concentrations 5 weeks after the 1 mg Al/L 
alum treatment in Cell C1 at the inflow and internal sampling stations along 5 downstream 
gradients. Also noted are the flow directions observed at each of the internal sampling stations.
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Figure 34. Dissolved organic phosphorus (DOP) concentrations at the end of the 24-day 2 mg 
Al/L alum treatment in Cell C1 at the inflow and internal sampling stations along 5 
downstream gradients. The cell had been treated with 1 mg Al/L alum for 40 days prior to the 
24-day 2 mg Al/L treatment. Also noted are the flow directions observed at each of the internal 
sampling stations. 
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Figure 35. Particulate phosphorus (PP) concentrations immediately prior to the alum treatment 
in Cell C1 at the inflow and internal sampling stations along 2 downstream gradients. Also 
noted are the flow directions observed at each of the internal sampling stations. 
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Figure 36.  Particulate phosphorus (PP) concentrations 5 weeks after the 1 mg Al/L alum 
treatment in Cell C1 at the inflow and internal sampling stations along 5 downstream gradients. 
Also noted are the flow directions observed at each of the internal sampling stations. 
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Figure 37. Particulate phosphorus (PP) concentrations at the end of the 24-day 2 mg Al/L alum 
treatment in Cell C1 at the inflow and internal sampling stations along 5 downstream gradients. 
The cell had been treated with 1 mg Al/L alum for 40 days prior to the 24-day 2 mg Al/L 
treatment. Also noted are the flow directions observed at each of the internal sampling stations. 
DB Environmental, Inc. Page 53 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
Inflow A B E C D Outfl
TN
 (m
g/
L)
Background
1 mg Al/L 
2 mg Al/L 
Outflow
 
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
Inflow A B E C D Outfl
N
O
x-
N
 (m
g/
L)
Background
1 mg Al/L 
2 mg Al/L 
Outflow
 
Figure 38.  Mean total (TN) and nitrate + nitrite (NOx-N) nitrogen concentrations for the inflow, 
and each of the 5 downstream transects within Cell C1 immediately prior to and during the 
alum treatment period (November 2, 2005 to January 5, 2006). 
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Figure 39.  Mean ammonium nitrogen (NH4-N) concentrations for the inflow, outflow and each 
of the 5 downstream transects within Cell C1 immediately prior to and during the alum 
treatment period (November 2, 2005 to January 5, 2006). 
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Figure 40.  Mean dissolved and total aluminum (Al) concentrations for the inflow, outflow, and 
each of the 5 downstream transects within  Cell C1 immediately prior to and during treatment 
period (November 2, 2005 to January 5, 2006). 
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Figure 41.  Mean alkalinity concentrations and pH for the inflow, outflow, and each of 5 
transects within Cell C1 immediately prior to and during the alum downstream treatment 
period (November 2, 2005 to January 5, 2006). 
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Figure 42. The hydraulic loading rate (HLR) for Cell B2 from February 1, 2004 to July 31, 2006. 
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Figure 43. The hydraulic loading rate to Cell B2 1 month prior to and 3.8 months during alum 
injection. 
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Figure 44. Mean soluble reactive (SRP), dissolved organic (DOP), and total (TP) phosphorus 
concentrations in the inflow and outflow of Cell B2 prior to and during alum treatment. 
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Figure 45. Phosphorus mass loading, export, and removal in Cell B2 prior to and during alum 
treatment. Negative values for the mass removal indicate generation of P within the cell in 
excess of the inflow load. 
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Figure 46. Time series of weekly inflow and outflow total (TP) and soluble reactive (SRP) 
phosphorus concentrations before and during alum treatment. 
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Figure 47. Time series of weekly inflow and outflow dissolved organic (DOP) and particulate 
(PP) phosphorus concentrations before and during alum treatment. 
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Figure 48. Time series of weekly inflow and outflow total (TP) and soluble reactive (SRP) 
phosphorus concentrations 1 month prior to and 3.8 months during alum injection. 
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Figure 49. Times series of weekly inflow and outflow dissolved organic (DOP) and particulate 
(PP) phosphorus concentrations 1 month prior to and 3.8 months during alum injection. 
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Figure 50. Time series of weekly inflow and outflow total (TN) and nitrate + nitrite (NOx-N) 
nitrogen concentrations before and during alum treatment. 
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Figure 51. Time series of weekly inflow and outflow ammonium nitrogen (NH4-N) 
concentration before, and during alum treatment. 
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Figure 52. Time series of weekly inflow and outflow total (TN) and nitrate + nitrite (NOx-N) 
nitrogen concentrations 1 month prior to and 3.8 months during alum injection. 
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Figure 53. Time series of weekly inflow and outflow ammonium (NH4-N) concentrations 1 
month prior to and 3.8 months during alum injection. 
DB Environmental, Inc. Page 68 
Inflow
0
50
100
150
200
250
1 month
before dosing
1 mg Al/L
dosing
2 mg Al/L
dosing
1 mg Al/L
dosing
A
l (
µg
/L
)
Total Al
Dissolved Al
 
Outflow
0
50
100
150
200
250
1 month
before dosing
1 mg Al/L
dosing
2 mg Al/L
dosing
1 mg Al/L
dosing
A
l (
µg
/L
)
Total Al
Dissolved Al
 
Figure 54. Mean dissolved and total aluminum (Al) concentrations in the inflow and outflow of 
Cell B2 before and during alum treatment. 
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Figure 55. Time series of weekly inflow and outflow dissolved and total aluminum (Al) 
concentrations before and during alum treatment. 
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Figure 56. Time series of weekly inflow and outflow dissolved and total aluminum (Al) 
concentrations 1 month prior to and 3.8 months during alum injection. 
DB Environmental, Inc. Page 71 
0
1
2
3
4
5
6
7
8
9
10
1/1/04 5/30/04 10/27/04 3/26/05 8/23/05 1/20/06 6/19/06
pH
Inflow
Outflow
1 mg Al/L dosing
2 mg Al/L dosing
 
0
20
40
60
80
100
120
140
160
180
200
1/1/04 5/30/04 10/27/04 3/26/05 8/23/05 1/20/06 6/19/06
A
lk
al
in
ity
 (m
g 
C
aC
O
3/L
)
Inflow
Outflow
1 mg Al/L dosing
2 mg Al/L dosing
 
Figure 57. Time series of inflow and outflow pH and alkalinity concentrations before and 
during alum treatment. 
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Figure 58. Time series of inflow and outflow pH and alkalinity concentrations 1 month prior to 
and 3.8 months during alum injection. 
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Figure 59. Mean total (TP) and soluble reactive (SRP) phosphorus concentrations for the inflow, 
outflow, and each of 6 internal transects within Cell B2 immediately prior to and during the 
alum treatment period (April 4 – July 25, 2006). Upstream denotes an internal transect 
positioned in the flow path upstream of the alum injection ditch. Transects B, C, D, and E lie 
downstream of the alum injection ditch. The detection limit for SRP was 12 µg/L. 
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Figure 60. Mean dissolved organic (DOP) and particulate (PP) phosphorus concentrations for 
the inflow, outflow, and each of 6 internal transects within Cell B2 immediately prior to and 
during the alum treatment period (April 4 – July 25, 2006). Upstream denotes an internal 
transect positioned in the flow path upstream of the alum injection ditch. Transects B, C, D, and 
E lie downstream of the alum injection ditch.  
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Figure 61.  Total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations 
immediately prior to the alum treatment in Cell B2 at internal sampling stations located 
upstream, within, and downstream of the alum injection ditch. 
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Figure 62. Total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations 43 days 
after the 1 mg Al/L  alum treatment in Cell B2 at internal sampling stations located upstream, 
within, and downstream of the alum injection ditch. 
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Figure 63. Total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations 28 days 
after the 2 mg Al/L  alum treatment in Cell B2 at internal sampling stations located upstream, 
within, and downstream of the alum injection ditch. The cell had been treated with 1 mg Al/L 
alum for 49 days prior to the 28-day 2 mg Al/L treatment. 
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Figure 64. Total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations 22 days 
after the second 1 mg Al/L  alum treatment in Cell B2 at internal sampling stations located 
upstream, within, and downstream of the alum injection ditch. The cell had been treated with 1 
mg Al/L alum for 49 days then 2 mg Al/L alum for 34 days prior to the 22-day 1 mg Al/L 
treatment. 
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Figure 65.  Dissolved organic phosphorus (DOP) and particulate P (PP) concentrations 
immediately prior to the alum treatment in Cell B2 at 6 internal sampling stations located 
upstream, within, and downstream of the alum injection ditch. 
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Figure 66. Dissolved organic phosphorus (DOP) and particulate P (PP) concentrations 43 days 
after the 1 mg Al/L  alum treatment in Cell B2 at internal sampling stations located upstream, 
within, and downstream of the alum injection ditch. 
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Figure 67. Dissolved organic phosphorus (DOP) and particulate P (PP) concentrations 28 days 
after the 2 mg Al/L  alum treatment in Cell B2 at internal sampling stations located upstream, 
within, and downstream of the alum injection ditch. The cell had been treated with 1 mg Al/L 
alum for 49 days prior to the 28-day 2 mg Al/L treatment. 
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Figure 68. Dissolved organic phosphorus (DOP) and particulate P (PP) concentrations 22 days 
after the second 1 mg Al/L alum treatment in Cell B2 at internal sampling stations upstream, 
within, and downstream of the alum injection ditch. The cell had been treated with 1 mg Al/L 
alum for 49 days then 2 mg Al/L alum for 34 days prior to the 22-day 1 mg Al/L treatment. 
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Figure 69. Mean total (TN) and nitrate + nitrite (NOx-N) nitrogen concentrations for the inflow, 
outflow, and each of 6 internal transects within Cell B2 immediately prior to and during the 
alum treatment period (April 4 – July 25, 2006). Upstream denotes an internal transect 
positioned in the flow path upstream of the alum injection ditch. Transects B, C, D, and E lie 
downstream of the alum injection ditch. 
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Figure 70. Mean ammonium nitrogen (NH4-N) concentrations for the inflow, outflow, and each 
of 6 internal transects within Cell B2 immediately prior to and during the alum treatment 
period (April 4 – July 25, 2006). Upstream denotes an internal transect positioned in the flow 
path upstream of the alum injection ditch. Transects B, C, D, and E lie downstream of the alum 
injection ditch. 
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Figure 71. Mean total and dissolved aluminum (Al) concentrations for the inflow, outflow, and 
each of 6 internal transects within Cell B2 immediately prior to and during the alum treatment 
period (April 4 – July 25, 2006). Upstream denotes an internal transect positioned in the flow 
path upstream of the alum injection ditch. Transects B, C, D, and E lie downstream of the alum 
injection ditch. 
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Figure 72. Total and dissolved aluminum (Al) concentrations immediately prior to the alum 
treatment in Cell B2 at internal sampling stations located upstream, within, and downstream of 
the alum injection ditch. 
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Figure 73. Total and dissolved aluminum (Al) concentrations 43 days after the 1 mg Al/L  alum 
treatment in Cell B2 at internal sampling stations located upstream, within, and downstream of 
the alum injection ditch. 
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Figure 74. Total and dissolved aluminum (Al) concentrations 28 days after the 2 mg Al/L  alum 
treatment in Cell B2 at internal sampling stations located upstream, within, and downstream of 
the alum injection ditch. The cell had been treated with 1 mg Al/L alum for 49 days prior to the 
28-day 2 mg Al/L treatment. 
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Figure 75. Total and dissolved aluminum (Al) concentrations 22 days after the second 1 mg 
Al/L  alum treatment in Cell B2 at internal sampling stations located upstream, within, and 
downstream of the alum injection ditch. The cell had been treated with 1 mg Al/L alum for 49 
days then 2 mg Al/L alum for 34 days prior to the 22-day 1 mg Al/L treatment. 
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Figure 76. Volumetric outflow rates at each of the 4 outflow culverts at Cell B2. The inset shows 
the locations of each outflow culvert. 
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Figure 77. Total aluminum (Al) concentrations of the four outflows culverts from the B2 
wetland from April 17 – July 17, 2006. 
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Figure 78. Mean alkalinity concentrations and pH for the inflow, outflow, and each of 6 
downstream transects within Cell B2 immediately prior to and during the alum treatment 
period (April 4 – July 25, 2006). Upstream denotes an internal transect positioned in the flow 
path upstream of the alum injection ditch. Transects B, C, D, and E lie downstream of the alum 
injection ditch. The detection limit for SRP was 12 µg/L. 
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Figure 79. Aerial photo of Cell B2 showing five of the seven injection points positioned north-
south along the alum injection ditch. The picture was taken on 7/19/06, 22 days after the 
second 1 mg Al/L alum treatment. The cell had been treated with 1 mg Al/L alum for 49 days 
then 2 mg Al/L alum for 34 days prior to the 22-day 1 mg Al/L treatment. Note the alum floc 
plumes (white and cream-colored) down gradient (east) of the injection ditch indicating 
preferential flow paths. 
